Results from a measurement study performed in the Tropical Atlantic on board the RHaMBLe Discovery Cruise D319 are presented. Measurements of aerosol composition, hygroscopicity and CCN activity were used to test the ability of a single parameter model to describe water uptake in sub-and supersaturated conditions. It was found that the magnitude and temporal variability of the sub-saturated water uptake could be well represented using the non-refractory composition to derive the model input for 2 periods when the large majority of the aerosol mass was non-refractory. As may be expected, when a significant fraction of the aerosol volume is refractory the sub-saturated water uptake is not well predicted by the non-refractory composition. When predicting the cloud activation potential from the composition and the hygroscopicity there is a consistent under-prediction of the CCN activity. The prediction of CCN activity from the sub-saturated water uptake gives a better prediction of the CCN activity than the composition when the non-refractory components are not fully representative of the aerosol composition.
Introduction
Aerosol particles act as condensation nuclei in the moist atmosphere with the potential to take on water and form cloud droplets. Aerosol particles in the atmosphere absorb and desorb water vapour, with a net forcing effect on the earth's radiation budget owing to anthropogenic sources (Ramanathan et al., 1989; Harrison et al., 1990; Charlson et al., 1991 Charlson et al., , 1992 Jacobson, 2001 ) via various mechanisms (Albrecht, 1989; Twomey, 1974) . The magnitude of the radiative forcing as a result of aerosol effects contains the largest uncertainty in estimates of the anthropogenic affect on the earth's heat budget (Forster et al., 2007) . A large part of the uncertainty results from aerosol effects which arise from imperfect knowledge and descriptions of the aerosol size distribution, composition and thermodynamics in climate models. In order to simply and accurately represent aerosol thermodynamics in large scale models the most important variables must be identified and described adequately.
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Marine stratiform clouds play a major role in determining the earth's radiative flux, as they are extensive and their albedo is very large compared to that of the sea surface (Hartmann et al., 1992) . The relatively large solar flux in the tropics will enhance the net radiative forcing of clouds in the region compared to more northerly latitudes. The sensitivity of the earth's radiative budget to low level cloud cover, means it is vital that their properties are well characterised (Klein and Hartmann, 1993) .
The composition of a solution determines its water activity (a w ) and surface tension (σ s ). The relationship between a droplet's size and saturation ratio (S) can be described in terms of these two properties using the Köhler Equation (Köhler, 1936; McFiggans et al., 2006) . Numerous aerosol thermodynamic models have been developed, which describe the thermodynamics with varying levels of complexity (Topping et al., 2005a , and references therein). Representation of aerosol particle water uptake for atmospheric scale applications from cloud parcel to global scale models is limited by computational power and information, it is therefore necessary to make simplifying steps in its description. Any simplification needs to deliver results with the required accuracy for the application and will ideally be valid for a wide range of applications. Simplification of the Köhler equation requires separate expressions for the Raoult and Kelvin terms owing to their widely varying contributions as a function of RH and droplet size, the aim being to represent them in terms of as few variable parameters as is required. A number of authors have derived expressions for the Raoult terms using a minimal number of parameters, applying various simplifying assumptions about the physiochemical properties (e.g. Svenningsson et al., 1992; Weingartner et al., 1997; Swietlicki et al., 1999; Dick et al., 2000; Petters and Kreidenweis, 2007) . In this study the κ-model ) is used to describe the water uptake. The κ parameterisation is used to examine the relationship between the measured subsaturated water uptake, the CCN activity and the water uptake predicted from the aerosol composition. The ability of single κ values to represent water uptake during distinct meteorological periods in the tropical Atlantic Ocean was assessed.
The measurements reported here formed part of the Aerosol Characterisation and Modelling in the Marine Environment (ACMME) study (Allan et al., 2009 ) on the Reactive Halogens in the Marine Boundary Layer (RHaMBLe) Discovery Cruise D319 which took place between 19 May 2007 and 11 June 2007. The initial transit from Lisbon, Portugal to Mindelo, Cape Verde took 5 days. From Cape Verde the ship surveyed the region East of Cape Verde towards the Mauritanian coast before heading Northwards towards the Canary Islands. The region is of interest as a remote marine environment and as an area where primary sources of halogens may be active in the atmospheric chemistry impacting on aerosol formation and processing (Lee et al., 2010) .
Methods
During the D319 cruise, online measurements of the aerosol hygroscopic growth, CCN activity and non-refractory composition were made. Their measurements were used to derive the hygroscopicity parameter κ . The κ values derived during the cruise were used within a simplified form of the Köhler equation to reconcile the aerosol composition, hygroscopic growth and CCN activity. The parameterisations of the online measurements were used to test the ability of single κ values to represent the hygroscopicity during the cruise.
Aerosol composition, number and size
On-line measurements of the sub-micron non-refractory aerosol composition were made using a high resolution Aerosol Mass Spectrometer (AMS) (Canagaratna et al., 2007; DeCarlo et al., 2008) . The AMS can determine the mass loadings of non-refractory inorganic (nitrate -NO 3 , sulphate -SO 4 and ammonium -NH 4 ) and organic (org) components in real time. The vaporisation technique employed by the AMS means that fragment ions from lower volatility molecules such as sodium chloride and mineral dust are not detected.
A four stage Compact Cascade Impactor (CCI) with cutoff diameters of 0.16, 1.0, 5.3 and 9.9 µm was used to collect daily samples for off-line analysis of the aerosol composition (Demokritou et al., 2004; Allan et al., 2009 ). The samples were analysed for inorganic aqueous ions using ion chromatography, UV-visible spectrophotometry and inductively coupled plasma atomic emission spectrometry.
A Differential Mobility Particle Sizer (DMPS) was used to measure the aerosol number size distribution between 10 nm and 700 nm . The DMPS performed a complete mobility scan every 10 min. Each mobility was set for 12 s to give adequate sampling time as the counting statistics in the marine environment can be low (Fitzgerald, 1991) .
Sub-saturated water uptake
A hygroscopicity tandem differential mobility analyser (HT-DMA) was deployed to measure on-line size resolved water uptake between 10% and 94% RH. HTDMAs (Liu et al., 1978; McMurry and Stolzenburg, 1989) size select a dry aerosol mobility using a Differential Mobility Analyser (DMA) which is then humidified and sized again using a second DMA which measures the size distribution of the humidified aerosol. In this study an HTDMA was deployed (Cubison et al., 2005) selecting and humidifying to 90% RH aerosol particles with dry diameters (D 0 ) of 24 nm, 43 nm, 81 nm, 129 nm, 169 nm, 211 nm and 254 nm respectively with 1 h resolution. Periodically humidograms were recorded where the RH the particles were conditioned to was stepped from ∼40% to ∼94% over ∼4 h for a subset of the 7 dry diameters.
The HTDMA was modified for operation at sea by replacing the water cooling system with an insulated temperature controlled box enclosing the second humidified DMA. A PID (Proportional-Integral-Differential) controlled (using Supercool's PR59 software) peltier cooler (Supercool AA-060-12-22) maintained the second DMA a constant temperature of 18±0.1 • C, approximately 2 • C lower than the mobile laboratory situated in a container on the foredeck, see Allan et al. (2009) . The residence time of the humidified aerosol prior to entering the second DMA was ∼15 s. Quality assurance and inversion of the HTDMA data was performed using the procedures and multi-triangle inversion method described by Gysel et al. (2009) .
Cloud forming potential
The ability of the aerosol particles to act as Cloud Condensation Nuclei (CCN) is measured using a continuous flow thermal-gradient CCN counter (Roberts and Nenes, 2005) . The CCN counter is calibrated using nebulised monodisperse ammonium sulphate (>99.5%, Sigma Aldrich) and sodium chloride (>99.5%, Sigma Aldrich) aerosol according to the procedure described in . The calibration aerosol is nebulised, dried and size selected using a DMA. The mono-disperse aerosol is then split between a CN counter (TSI, 3010) and the CCN counter. The activated fraction (number of CCN divided by the number of CN) is then measured as a function of the supersatration in the CCN counter's column at a series of D 0 s between 30 nm and 130 nm. The supersaturation corresponding to 50% activated fraction was deemed to be the critical supersaturation . The supersaturation is calibrated using theoretical values from ADDEM (Topping et al., 2005a) . The number size distribution produced by the nebuliser is then measured to assess the impact of multiply charged particles, which was found to be negligible owing to the shape of the distribution.
During ambient sampling, the CCN counter is operated in parallel to a CN counter (TSI, 3010) downstream of a DMPS (the same DMA and CPC used for the calibrations). The DMPS is stepped across 20 diameter bins between approximately 20 nm and 500 nm, allowing the simultaneous determination of the CN number size distribution and the CCN number size distribution at a specific supersaturation. The size distributions are measured over a 10 min period, including 3 min settling time for the temperatures in the CCN counter. 5 supersaturations (0.11%, 0.18%, 0.34%, 0.5% and 0.75%) are repeatedly stepped through at 10 min intervals, an additional 10 min settling time was added to the step between the highest and lowest supersaturations resulting in a 1 h measurement resolution. The ambient CCN and CN number size distributions are corrected for the effects of multiply charged particles using the charging probability approximations of Wiedensohler (1988) and the methodology described by . The CCN counter is operated at an inlet temperature of ∼20 • C throughout the calibrations and ambient measurements.
The simultaneously measured CN and CCN number size distributions are used to calculate the activation spectra (the number of CCN divided by the number of CN as a function of dry diameter). The activation spectra are then used to define the D 50 (the D 0 at which 50% of the particles activate). The D 50 defines the critical supersaturation (S c (D 50 ) where S c is the S set by the CCN counter whilst the spectra are acquired. This definition of S c has been applied by various authors interpreting CCN data, although the precise manner in which the data are processed varies e.g. Rose et al. (2008) ; Shilling et al. (2007) ; Prenni et al. (2007) .
Describing the aerosol composition
The ionic composition as measured by the AMS is used to determine the composition of the sub-µm aerosol. The mixing rule applied by Zaveri et al. (2005) 2 . The organic mass measured by the AMS is assumed to have a density of 1400 kg m −3 and a molecular weight of 500 g mol −1 in order to represent to represent larger molecular weight primary marine organic material. The organics are assumed to only interact only with the water and not with the inorganic ions.
It should be noted that only bulk, not size resolved AMS composition is available for this study. This means that we cannot model the size resolved composition dependence of the water uptake from the AMS measurement. This could result in the non-refractory composition being more representitive at sizes closer to the mode of the aerosol mass size distribution.
Describing the aerosol water uptake -Köhler theory
The Köhler equation describes the water uptake as two competing effects, known as the Raoult term and the Kelvin term. Raoult's law describes the ideal relationship between solute and solvent in a dilute solution. Particles in the atmosphere can be present in both concentrated and dilute solutions. Therefore to calculate the amount of solvent (water) associated with each component in the aerosol particle at a specific equilibrium Relative Humidity (RH) the deviation from ideality must be known. Activity coefficients for each component describe the non-ideality of the solution and the interactions between all solutes and between the solvent and solutes must be considered in order to explicitly describe the water activity. The Kelvin term acts to increase the equilibrium vapour pressure of water vapour above a curved surface. By coupling the Kelvin and Raoult terms the equilibrium conditions for a particle are described. The magnitude of the Kelvin term increases for smaller particles i.e. as the curvature increases. The most complete model approaches search for the global Gibbs free energy minimum whilst allowing for interactions between all components present for example Topping et al. (2005a,b) . Analytical determination of the Kelvin term which manifests itself through the surface tension of the solution droplet and subsequent change to the solution bulk caused by the removal of surfactants to the surface layer is non-trivial for most multi-component systems. Aerosol thermodynamic models have so far only been used to rigorously apply Gibbsian thermodynamics to simple (binary and ternary) systems to calculate the surface tension and bulk effect of the Kelvin term (Li et al., 1998; Sorjamaa et al., 2004; Topping et al., 2007) .
A detailed analysis of the errors associated with the commonly used assumptions is presented by Brechtel and Kreidenweis (2000) . The most simplified form of the Kelvin term uses two main assumptions; that the surface tension is equal to that of pure water and that the partial molar volume of water can be replaced by the molar volume of water (Kreidenweis et al., 2005) .
In the current study the κ-Köhler-model ) is applied and investigated. The κ-model represents the relationship between water activities and the solution strength using a single parameter κ, such that:
( 1) where a w is the water activity, V s is the volume of solute and V w is the volume of water, thereby capturing the compositional information. κ can then derived from measurements of a particle's water uptake or theoretically from a thermodynamic model when combined with a suitable expression for the Kelvin term. Petters and Kreidenweis (2007) suggest that the Kelvin term can be represented as:
where K e is the Kelvin term, υ w is the partial molar volume of water, σ sol/v is the surface tension of the solution droplet, σ w is the surfaced tension of water, M w is the molecular weight of water, R is the universal gas constant, T is the temperature, ρ w is the density of water and D is the droplet diameter. The assumptions being made are that the surface tension is equal to that of pure water and that the partial molar volume of water can be represented by the molar volume of water. Combining 1 and 2 gives:
Where the droplet size is represented in terms of the the hygroscopic growth factor (GF D0,RH ); D divided by (D 0 ). The validity of the assumptions within Eqs. 1 and 2 is based primarily on data from single component aerosol particles.
For example taking measured and modelled data (thermodynamically rigorous models e.g. Clegg et al., 1998) for a selection of inorganic and organic aerosols over a range over conditions (RHs and D 0 s) it is seen that generally their hygroscopic behaviour falls on lines of constant κ within measurement error . There have however been few atmospheric studies where the κ-model has been used to parameterise the measured and predicted aerosol water uptake . Therefore it has been cautioned that the sparsity of atmospheric CCN studies in particular limits the broad generalisations that can be made especially since the accuracy with which aerosol water uptake needs to be described in pertinent applications (e.g. climate models) is not well defined . As κ is derived directly from measured or modelled data, by definition it will give the "correct" answer at the input conditions. So an initial test of the model's general applicability will be to see if it gives acceptable results over the range of RHs and dry sizes found in atmospheric environments. The applicability of the κ parameter as a function of particle size and RH has been assessed for a wide variety of aerosols of known composition and generally gives consistent κ values (±20%) Kreidenweis et al., 2008) . Secondly the κ-model offers a way to parameterise atmospheric CCN activity; for example it may be possible to describe the hygroscopicity in broad aerosol classes e.g. marine or continental in terms of just a single κ for modelling purposes (Andreae and Rosenfeld, 2008) . In this paper the applicability of the κ-model will be tested in both these respects for the aerosol in the marine boundary layer of the cruise region. The variability of κ as a function of dry size over a range of sub-saturated RHs and at the point of activation was determined.
Predicting aerosol hygroscopicity using the AMS
The ZSR mixing rule (Stokes, 1966) was used to predict the growth factor of the aerosol particles at 90% RH, by adding the volume weighted growth factors of their individual components (Gysel et al., 2007) using Eq. 4. The growth factors of the inorganic solutes (as determined by the scheme in Sect. 2.4) were calculated using ADDEM (Topping et al., 2005a) , a detailed thermodynamic model capable of predicting single component inorganic aerosol growth factors with high accuracy and precision. The hygroscopicity of the organic fraction was estimated to be equivalent to a κ value of 0.085 which is equivalent to a growth factor of ∼1.2 at 90% relative humidity (for D 0 =∞). The assumed organic κ value was used within Eq. 3 to estimate its size dependent growth factor. The pure component growth factors were then combined using the volume fractions to predict the ensemble growth factor using Eq. 4. To calculate the volume fraction of the organic aerosol its density was assumed to be 1400 kg m −3 , representitive of oxidised organic aerosols (Alfarra et al., 2006; Dinar et al., 2006; Gysel et al., 2007) . To test the sensitivity of the predictions to the choices of the organic's properties densities of 1200 and 1600 kg m −3 and κ values of 0.01 and 0.2 were also applied. The sensitivity of the predicted ensemble particle growth factors to the organic density was <±0.015 and to the organic κ was <±0.03, both relatively small changes.
The κ value for an ensemble particle can be defined in terms of the sum of its components κ values using the ZSR mixing rule in exactly the same manner as described for the growth factor in Eq. 4, such that the ensemble κ is defined as the volume weighted sum of its component's κ values. The κ value derived a particle of a given composition may vary, depending upon the size and RH it is derived at. This can be due to the non-ideality of the solution and/or that the representation of the Kelvin term such that Eqs. 3 and 2 are not is not strictly followed. Therefore the κ value derived from the growth factor at 90% RH using the AMS composition as input will not necessarily be the same as predicted at the point of activation for the same particle. What is assumed is that the any change in κ with RH or D 0 is not large enough to significantly bias the end product e.g. CCN number. Table 1 shows the pure component κ values derived from the ADDEM predicted growth factors at 90% RH at D 0 s of 30, 100 and 300 nm.
Parameterising the aerosol hygroscopicity
The Raoult term in the Köhler equation was parameterised using the hygroscopicity parameter κ. κ values are derived independently from the AMS (non-refractory composition), HTMDA (hygroscopic growth factor) and CCN counter (critical supersauration) measurements. κ values are derived from the AMS by first predicting the growth factor at 90% RH as described in Sect. 2.6. Once GF D0,RH is predicted a corresponding κ value can be computed directly using Eq. 3. The hygroscopic growth factor measured by the HTDMA at 90% RH was also used to calculate κ by taking mean GF D0,90 from each measured growth factor probability density distribution and Eq. 3. Similarly using S c (D 0 ), κ values were derived from the CCNc measurements. Thus a time series of κ values from: (i) the AMS (κ AMS ) using the inorganic ions and organics (ii) the HTDMA (κ HTDMA ) using the mean GF D0,90 and (iii) the CCN counter (κ CCN ) using S c (D 0 ) as input were derived.
Predicting the potential of the aerosol particles to act as CCN
Once κ values from the 3 different derivations (κ AMS , κ HTMDA and κ CCN ) have been established, they can be used to predict the CCN number using the measured number size distributions as a function of supersaturation using the κ-model. The κ-model formulation presented here has only one hygroscopicity dependent parameter (κ) and therefore any κ and D 0 pair can only be described by a single "κ-Köhler" curve (at a single temperature). If the hygroscopicity of the entire number size distribution is represented using a constant κ value for a given supersaturation there will be a minimum diameter above which the particles will be deemed as potential CCN. These threshold diameters (D thres ) can be calculated by holding κ constant and searching for the D 0 which gives the critical supersaturation equal to the required supersaturation. D thres is then used to estimate the CCN number as a function of supersaturation using the ambient number size distribution to define the CN number at each D 0 . Thus integrating the ambient number size distribution from D thres to the largest measured D 0 (∼700 nm) gives the potential CCN number at a given supersaturation.
Results
The results of this study are presented in the context of The total aerosol number concentration during the African period is higher than the Marine period ranging from ∼2000 to 5000 particles cm −3 . Comparing the number size distributions measured during the Marine and African periods it is additional Aitken sized particles which contribute the majority of the additional number. During Period 3 (2 June 2008, 08:00:00 UT to 4 June 2008, 10:00:00 UT), the air masses are more varied but generally show northerly trajectories originating in southern continental Europe and passing over the Canary Islands. Figure 2 shows the average number size distributions for each period and their variability.
Aerosol composition
During Period 1, the non-refractory composition is dominated by inorganic compounds, with organic compounds making up ∼20% of the mass for the period. In order to estimate the fraction of the aerosol accounted for by the AMS the masses of each ion are converted to volumes assuming densities for each. The lower panel in Fig. 3 shows the volume fraction of the ions detected by the AMS with respect to the volume measured by the DMPS across the particle diameters measured by the AMS. Comparing the total particle mass derived from the DMPS to the total AMS mass loadings for the period indicates that a large fraction of the sub-µm aerosol is accounted for by the AMS. Analysis of the sub-µm impactor samples show sulphate and ammonium are the dominant ions, with a relatively small contribution from the other ions detected. The upper panel in Fig. 3 shows the mass fraction of each ion detected from the impactor analysis normalised to the sulphate. Further details of Period 1 are given in Allan et al. (2009) . During Period 2 the total volume derived from the AMS comprises about half of the DMPS derived volume (upper panel Fig. 3 ), indicating a substantial fraction of the aerosol below 1µm is refractory. The impactor analyses for the period (lower panel Fig. 3 ) confirm this observation; there are significant fractions of Sodium, Chloride, Calcium and Magnesium. As a result of their production mechanisms Sodium and Chloride tend to make up a significant fraction of large marine aerosol particles (Blanchard and Woodcock, 1957; D. and Smith, 1993; (>1 µm) whilst smaller particles tend to have larger fractions of sulphate and organics. This is observed in the impactor analysis where the modes of the Calcium, Chloride and Sodium mass distributions are seen at larger sizes than sulphate and with decreasing particle size the fraction of sulphate compared to these ions increases substantially. Therefore the presence of Calcium, Sodium and Chloride ions does not mean there will necessarily be a large mass fraction of the individual particles in the number modes (<200 nm) where the majority of potential CCN reside. However during Period 2 there is strong evidence of a Sodium Chloride dominated mode and an insoluble fraction (pertaining to a mineral dust source) in the hygroscopic growth factor distributions at D 0 of 127 nm and above (Allan et al., 2009) .
During Period 3 the AMS total volume loading appears to capture a large fraction of the DMPS derived volume. The impactor analysis shows the higher Calcium fractions which persisted through Period 2 are no longer present and that sulphate and ammonium comprise the majority of the ionic mass which is consistent with the AMS detecting a large fraction of the aerosol mass.
Measured growth factors
Growth factor probability density distributions were measured as described in Sect. 2.2. During Period 1 the growth factors fall into a single dominant mode between 1.56 and 1.74 at 90% RH. The smaller sized particles tend to have lower growth factors. During Period 2, up to three distinct growth factor modes are detected; a mode between ∼1.6 and ∼1.8 comprises the largest number fraction, a mode at between ∼1.8 and ∼2.2 becomes more prominent for the larger dry sizes and a hydrophobic mode appears occasionally for the largest sizes. During Period 3 the growths factors tend to fall within a single mode with the mean growth factor varying between 1.48 and 1.8, although a mode between ∼1.8 and ∼2.2 does appear sometimes at larger sizes. Figure 4 shows the retrieved growth factor probability density distributions for the D 0 s 43, 127 and 254 nm for each of the periods. Figure 4 illustrates the differing behaviour between the periods and as a function of dry size.
The hydrophobic mode is likely to result from sampling of dust particles. The dominant mode which appears between 1.48 and 1.8 depending on the period is consistent with sulphate aerosol particles, with a varying influence from organic components. The mode between ∼1.8 and ∼2.2 during Period 2 is likely due in part to the influence of Sodium Chloride and is consistent with the increased Sodium and Chloride levels from the impactor analysis. The resolution of the HTDMA is limited by the system's transfer function (Cubison et al., 2005) and therefore it is not always clear if there is a continuum of growth factors or distinct modes particularly in the externally mixed cases. Additional analysis of the measured growth factors is presented in Allan et al. (2009) .
Prediction and parameterisation of the sub-saturated water uptake
The hygroscopic growth factor at 90% RH was predicted using the sub-µm ionic composition measured by the AMS as input. Figure 5 shows the growth factors predicted from the AMS measured composition plotted against the corresponding measured values. The ability to predict the growth factor varies between the 3 case study periods. For Period 1 the measured mean growth factors vary between 1.56 and 1.74, the predicted growth factors between 1.54 and 1.72. The spread of predicted growth factors largely results from the Kelvin effect reducing the growth factor of smaller particles rather than variability in the compositional input. During Period 2 the range of measured growth factors is relatively large; from 1.46 to 1.91 whilst the predicted growth factors vary only as a function of their dry diameter between 1.56 . Aerosol composition for the 3 case study periods. The top panel shows the mass fraction of each ion normalised to sulphate from analysis of the impactor samples in the 0.16µm to 1.0µm stage averaged over each study period. The bottom panel shows the composition (converted to volume) measured by the AMS averaged over each period as a fraction of the averaged total aerosol volume measured by the DMPS. The individual compounds are indicated by colour: sulphate (red), ammonium (orange), calcium (yellow), sodium (dark green), chloride (light blue), nitrate (dark blue), magnesium (purple) and organics (light green). The grey bands indicates the differences between the AMS and DMPS volumes. The agreement between the DMPS volume and the AMS volume during Period 1 shows that a large fraction of the aerosol is non-refractory and the ionic composition derived from the AMS for input to the mixing rule should be representative. The growth factor predictions during Period 1 on average agree very well with the predicted values, with the differences consistent with the measurement and model uncertainties. The variability resulting from the uncertainty makes it difficult to say whether there is a correlation, but there seems to be overall agreement. This could be a result of the small range of the values and the low mass and number concentrations during the period making the data noisy. Values of the hygroscopicity parameter κ were predicted for the average measured and predicted growth factor at each measured dry diameter. Best agreement is found at the larger sizes; the smallest diameter (24 nm) giving the largest difference in κ values. The dry size dependent κ values were then used to produce an evenly weighted average κ across the size range of 20 nm to 300 nm. The average κ derived from the measured growth factors was 0.47. The average κ derived from the predictions was 0.45. During period 2 there was generally a significant difference between the DMPS volume and AMS derived total mass, by on average a factor of ∼2 (illustrated in Fig. 3 ). The fact that there is a significant refractory mass fraction means that the growth factor predictions may not be accurate. The impactor measurements (Fig. 3) show significantly increased fractions of sodium, chloride and non sea salt calcium during Period 2, these ions are not detected by the AMS and are therefore likely to account for the discrepancy. It is also likely that it is this "missing" composition that causes the variability in the measured growth factors that is not seen in the model predictions. Further evidence is seen on examination of the growth factors distributions where there is clear evidence of an externally mixed more hygroscopic mode for the larger dry diameters (127 nm and above). The growth factors of the particles in the more hygroscopic modes are consistent with particles containing sodium chloride. The κ values averaged across all sizes derived from the measured growth factors is 0.495 and from the modelled growth factors is 0.41.
During Period 3 the DMPS-derived total volume concentrations show good agreement with the AMS indicating that a large fraction of the composition will be captured in the model input. The predicted and measured growth factors during Period 3 show good agreement with the measurement and model uncertainties. On average the predicted growth factors are higher than the measured values. The average κ values from the measured growth factors is 0.46 and from the predicted values is 0.47. In summary: For Periods 1 and 3, there is good agreement within the measurement and model uncertainties. For Period 2 the model tends to under-predict the growth factors and does not capture their variability, this is caused by the significant refractory aerosol fraction. The lower panels in Fig. 5 show the comparisons between κ AMS and κ HTDMA .
Measured CCN activity
The fraction of particles activating as a function of their dry diameter was measured at 5 set supersaturations. Figure 6 shows the activated fraction as a function of dry diameter at each set supersaturation. The activated fraction increases with dry size as expected, the variability in activated fraction with time at constant diameter is caused by the changing aerosol composition. Sigmoids are fitted to the averaged spectra at each set supersaturation from which the D 50 is calculated, defining the critical supersaturation (S c (D 50 )). In the current study, the sigmoids fit closely to the measured values so a higher order fit function is not required. From the (S c (D 50 )) derived from each activation spectra are then used to calculate their corresponding κ values by solving Eq. 1 iteratively. The activation spectra averaged over each case study period are shown in Fig. 7 for each period for each supersaturation set point up to 0.485%. At 0.75% the aerosol particles are generally close to 100% activated at all the measured sizes. During Period 1 the aerosol particles are most CCN active. The averageκ-values derived from each activation spectra at 0.11% to 0.485% were between 1.15 and 1.40 (shown in the left hand lower panel of Fig. 7 ). There is no significant trend in κ with dry size.
The CCN activity measured during Period 2 shows a step in the derived κ at 0.11% supersaturation (Fig. 7 lower centre  panel) . The κ values for D 0 below 100 nm are between 0.8 and 0.92 whilst the κ for 110 nm is 1.24. This change in κ is perhaps indicative of a change in composition with increasing D 0 . The same trend is observed in the HTDMA measurements of the sub-saturated water uptake, which show an increase in the growth factors with dry size beyond that caused by the Kelvin effect alone.
During Period 3 the κ values range from 0.89 to 0.75 ( Fig. 7 lower right hand panel) . The κ values derived at 0.11% and 0.18% supersaturation are slightly lower than those derived at the higher supersaturations, but the difference is within measurement uncertainty.
CCN predictions
The κ values using the AMS composition as input (κ AMS ) and using the HTDMA (κ HTDMA ) as input were compared to the values derived from the CCN measurements (κ CCN ).
The κ values from Period 1 show that the particles measured by the CCN counter are more CCN active than either the AMS or HTDMA derived κ values suggests. κ CCN measured during Period 2 are higher than κ AMS , κ HTDMA is higher than κ AMS and therefore closer to κ CCN , but generally still lower. During Period 3 κ AMS , κ HTDMA and κ CCN are in closest agreement, the measured κ values being only slightly higher than the predicted values.
To analyse the effect of the differences in κ values the measured and predicted CCN number are compared. This is done using the averaged number size distributions for each period. The range of κ values from each period for each of the inputs (CCN, HTDMA and AMS) were used to predict the minimum dry diameter for CCN activation (D thres ) for supersaturations between 0.01% and 1%. The D thres was used to predict the potential CCN number at each supersaturation by integrating the number size distribution for D 0 >D thres . The differences in the measured and predicted CCN number for the 3 periods (illustrated in Fig. 8 ) can be summarised as follows: to ∼30%, but by choosing "optimum" values at the limits of the respective ranges gives a difference of ∼5%.
(iii) For
Period 3 there is a smaller under prediction than Periods 1 and 2. The difference is largest at lower supersaturations, ∼10% to ∼20% below 0.3% supersaturation. The difference reduces to less than 5% at higher supersaturations. The range of κ AMS and κ HTDMA values is relatively wide in the period, indicating a variability of historical influences on the air mass being sampled consistent with the back trajectories described earlier (as illustrated in Allan et al., 2009 and Lee et al., 2010) .
The increase in the discrepancy for supersaturations below 0.2% cause by the shape of the number size distribution, may turn out to be important. Supersaturations in stratiform clouds tend to peak at fairly low values, in the range of 0.15% to 0.4% (Martin et al., 1994; Hudson and Svensson, 1995; Hoppel et al., 1996) . Therefore the discrepancy appears largest for atmospherically relevant supersaturations.
Reconciliation
Based on the observation that for each period the CCN activity is under-predicted, possible causes of this discrepancy were investigated. The κ parameter as defined in Eq. 1 assumes that there is a linear relationship between a w and the ratio of solute to solvent i.e. that there is no significant change in the solution non-ideality as function of RH. This assumption was investigated in the sub-saturated regime using the humidograms measured by the HTDMA. An empirical 3 factor parameterisation was used to give an expression for the growth factor as a function of RH (Eq. 17 in Kreidenweis et al., 2005) . The water activity is assumed to be equal to the fractional RH and thus parameterisation was expressed according to Eq. (2) in Allan et al. (2009) . A least squares fit was applied to fit the free parameters to the measured data. The empirical fits allow the calculation of the growth factor at any RH within the measured humidograms range. The fits are then used to calculate κ as a function of RH for each humidogram. Figure 9 shows the fitted growth curves (in the top panel) derived from the humidograms which were measured for dry sizes of 43 nm, 127 nm and 211 nm and the corresponding κ values are shown in the lower panel. The κ values do not change significantly with RH. There tends to be a small downwards trend in κ(RH) for RHs less than 94% (the highest measurement RH, as indicated by the black dashed line in Fig. 9 ), though this is within the measurement uncertainty. Above the highest measurement RH the κ values follow their existing trajectory until ∼98% RH. Above 98% the κ values appear to increase sharply, however the uncertainty in these point is very large. This points to a limitation of the HTDMA for validating the κ-model's applicability. Overall below 94% RH the κ-model does a good job at capturing the behaviour with a single parameter within the measurement uncertainties. Above 94% RH it cannot be said how κ varies. If the κ parameterisation of the a w is working well i.e. it remains constant as the RH approaches 100% then it could be the formulation of the Kelvin term in the κ-model that is causing the under-prediction of the CCN activity. To investigate the possible role of surface effects the time series of the composition (determined as described in Sect. 2.4) was used within ADDEM to match the predicted CCN activity to the measured CCN activity by varying the surface tension required at the point of activation. To achieve this, a matrix of critical supersaturations were calculated using assumed surface tensions between 50 mN/m and 80 mN/m, spaced at 0.1 mN/m intervals. A nonlinear least squared algorithm was then applied to the matrix to find the S c closest to the measured value to estimate the surface tension at the point of activation required to give agreement between the compositional input and the measured S c . To match the measured and predicted CCN activity it was found that on average surface tensions of ∼52 mN/m for Period 1, ∼54 mN/m for Period 2 and ∼60 mN/m for Period 3 were required. Such reductions in the dilute solutions present at the point of activation are thought to be unphysical and hence surface active behaviour of organic molecules will be unlikely to contribute significantly to the apparent discrepancy. The limitations of the measurement and analysis techniques must be also considered. Throughout this paper calculations of κ HTMDA and κ CCN have assumed internal mixing. Whilst the growth factors during Periods 1 and 3 tend to fall within a single mode, during Period 2 there is clear external mixing resolvable by the HTDMA. This means particles within an aerosol sample will have a range of κ values which will translate into a range of CCN activities. Therefore the assumption that 50% activation equates to the S c may not be consistent with the mixing state at 90% i.e. when there are 2 externally mixed hygroscopic modes of comparable magnitude the S c derived from the D 0 at 50% activation will fall between the modes. It is difficult to say anything about the CCN mixing state based on the analysis performed here, without more thorough analysis of the CCN droplet spectra coupled to a model of droplet growth inside the CCN counter. The CCN activation spectra (Fig. 6) do not show greater broadening during the African influenced period, which has the most pronounced external mixing at 90% RH. Inconsistency between the CCN mixing state and the mixing state at 90% RH or smoothing of the mixing state as a result of instrumental or analytical artefacts may cause an inconsistency between the approaches.
Conclusions
Simultaneous measurements of aerosol CCN activity, hygroscopic growth and composition were made and used to investigate the representation of aerosol water uptake using a single parameter. It was found that the bulk composition was largely consistent with measured hygroscopic growth. The African influenced period saw raised concentrations of refractory aerosol particles affecting the growth factors and as such the AMS was not the best tool to derive the composition for the growth factor predictions. However when κ is derived from the HTDMA measurement it should be representative of the full composition. When the ionic composition of the aerosol was well represented the simplified models used to predict the growth factors give good results within the uncertainty of the measured values.
The growth factors at 90% RH measured by the HTDMA and predicted from the composition were used to derive the hygroscopicity parameter κ. The κ-model was used to predict the CCN activity with varying results. The difference between the predicted and measured CCN number at supersaturations greater than ∼0.2% are typically between 10% and 20%. There is marked increase in the disagreement at supersaturation lower than 0.2%. The CCN concentration at these lower supersaturations is an important parameter, as marine stratiform clouds tend to generate peak supersaturations in this range. Uncertainty in CCN number will propagate into uncertainties in cloud radiative properties. It is difficult to estimate the effect the different CCN parameterisations presented here would have, without their explicit inclusion in a cloud microphysical model with the appropriate metrological conditions. The sensitivity of marine stratocumulus cloud radiative properties (e.g. cloud albedo and optical depth) to CCN number tends to increase sharply below CN concentrations of ∼1000 cm −3 (Lu and Seinfeld, 2005) , indicating that effects will be more pronounced for the Marine Period. Hill et al. (2008) used a model to predict the CCN concentration dependence of indirect aerosol forcing in marine stratocumulus clouds. The most accurate model simulations (2 day averaged, size resolved large-eddy simulation model) suggest a change in radiative forcing in the order of 1 to 3 Wm −2 for 20% changes in CCN number concentration. Facchini et al. (1999) estimate a 20% increase in cloud droplet number in all stratus clouds would have a global radiative forcing effect of −1 Wm −2 . Whilst the impact of the observed discrepancy cannot be precisely stated, it appears that such differences in the CCN number are likely to have a significant impact on cloud properties.
